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A first measurement of the polarization of W bosons with large transverse mo- 
menta in pp collisions is presented. The measurement is based on 36 pb _1 of data 
recorded at y/s = 7 TeV by the CMS detector at the LHC. The left-handed, right- 
I handed and longitudinal polarization fractions (/l, /r, fo) of W bosons with trans- 

verse momenta larger than 50 GeV are determined using decays to both electrons 
?i and muons. The muon final state yields the most precise measurement, (fi — /r) ~ = 

00 0.240 ± 0.036 (stat.) ± 0.031 (syst.) and f = 0.183 ± 0.087 (stat.) ± 0.123 (syst.) for 

negatively charged W bosons, and (f L - f R )+ = 0.310 ± 0.036 (stat.) ± 0.017 (syst.) 
and /+ = 0.171 ± 0.085 (stat.) ± 0.099 (syst.) for positively charged W bosons. This 
establishes, for the first time, that W bosons produced in pp collisions with large 
transverse momenta are predominantly left-handed, as expected in the standard 
model. 
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The measurement of the kinematic properties of W bosons produced at hadron colliders pro- 
vides a stringent test of perturbative quantum chromodynamics (QCD) calculations as well 
as being an important prerequisite to searches for physics beyond the standard model. The 
pp collisions at the Large Hadron Collider (LHC) offer both a new environment and higher 
energy to study W bosons with large transverse momenta recoiling against several energetic 
jets. The sizable production cross section results in significant samples of W bosons, while the 
nature of the initial state leads to an enhancement of the quark-gluon contribution to W+jet 
production when compared to the Tevatron pp collider, where quark-gluon and antiquark- 
gluon processes contribute equally. This dominance of quark-gluon initial states, along with 
the V — A nature of the coupling of the W boson to fermions, implies that at the LHC W bosons 
with high transverse momenta are expected to exhibit a sizable left-handed polarization. A 
significant asymmetry in the transverse momentum spectra of the neutrino and charged lepton 
from subsequent leptonic W decays is therefore expected. This Letter reports the first mea- 
surement of the polarization of W bosons with large transverse momenta at the LHC, using a 
data sample of pp collisions corresponding to an integrated luminosity of 36 ± 1.4 pb _1 at a 
center-of-mass energy of 7 TeV, recorded with the Compact Muon Solenoid (CMS) detector. 

We measure the polarization of the W boson in the helicity frame, where the polar angle (9*) of 
the charged lepton from the decay in the W rest frame is measured with respect to the boson 
flight direction in the laboratory frame. The azimuthal angle (</>*) is defined to be zero for the 
proton which has the smaller 9* in the boson rest frame. The cross section for W production at 
a hadron collider with a subsequent leptonic decay, dN / dCl, is given by 



— oc (1 +cos 2 r) + §A (1 -3cos 2 6>*) +Aisin20* cosf 

+ \ A 2 sin 2 9* cos 2(p* + A 3 sin 9* cos <p* + A 4 cos 9*, 

where the coefficients A, (i = 0, . . . ,4) depend on the W boson charge, transverse momentum 
and rapidity, and make up the elements of the polarization density matrix. Integrating Eq. ([T]l 
over <p* yields 



— oc (l + cos 2 r) + iA (l-3cos 2 r) + A 4 cosr. (2) 

dcostr z 

The fractions of left-handed, right-handed, and longitudinal W bosons (fi, /r and fo, respec- 
tively) are related to the parameters A\ by Aq oc f and A4 cx ±(/l — /r) depending on the 
W boson charge, where by definition f > and /l + /r + /o = 1. A priori, the values of the 
fi parameters are not expected to be the same for both charges, since for partons which carry a 
large fraction of the proton's momentum, the ratio of valence u quarks to sea quarks is higher 
than that for valence d quarks. 

The amount of W boson momentum imparted to the charged decay lepton is determined by 
cos 9*, and hence an asymmetry in the cos 9* distribution leads to an asymmetry between the 
neutrino and charged-lepton momentum spectra. This can be quantified via a measurement of 
the A4 parameter. However, the inability to determine the momentum of the neutrino along 
the beam axis introduces a two-fold ambiguity in the determination of the momentum of the 
W boson. Therefore, it is not possible to precisely determine the W boson rest frame required 
to extract the W decay angles. To overcome this, a variable which exhibits a strong correlation 
with cos 9* is introduced. The lepton projection variable, Lp, is defined as the projection of 
the scaled transverse momentum of the charged lepton, fj{i)/\pj{\N)\, onto the normalized 
transverse momentum of the parent W boson, pj{W) |: 
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grffl • p T (W) 

P " |pr(W)P ' (3) 

In the above expression, pV(W) is estimated from the vectorial sum of the missing transverse 
energy $ j and Pt{€) in the event. Experimentally, $ j is reconstructed as the negative vector 
sum of the transverse energy vectors of all particles identified in the event using a particle 
flow algorithm [2]. In the limit of very high pj(W), Lp lies within the range [0,1] and cos 9* = 

2(L P -i). 

The central feature of the CMS apparatus is a superconducting solenoid, 13 m in length and 
6 m in diameter, which provides an axial magnetic field of 3.8 T. The bore of the solenoid is in- 
strumented with various particle detection systems. Charged particle trajectories are measured 
by the silicon pixel and strip tracking detectors, covering < (p < 2rc in azimuth and \tj\ < 
2.5, where the pseudorapidity is defined as t] = — ln[tan(0/2)], and 9 is the polar angle of the 
trajectory of the particle with respect to the counterclockwise beam direction. A crystal elec- 
tromagnetic calorimeter (ECAL) and a brass/ scintillator hadron calorimeter (HCAL) surround 
the tracking volume and cover the region | tj | < 3. The steel return yoke outside the solenoid 
is in turn instrumented with gas detectors which are used to identify muons. The detector is 
nearly hermetic, allowing for energy balance measurements in the plane transverse to the beam 
direction. A more detailed description of the CMS detector can be found elsewhere 0. 

The trigger providing the data sample used in this analysis is based on the presence of at least 
one charged lepton, either an electron or a muon, with a minimum transverse momentum of 
22 (15) GeV for the electron (muon). Events passing this trigger are required to have at least 
one good reconstructed pp interaction vertex [4j . Electrons and muons are reconstructed and 
selected using the procedure and requirements described in the measurement of the inclusive 
W/Z boson cross section [5 j. The selection of W boson candidates requires one electron (muon), 
with pr > 25 (20) GeV in \t]\ < 2.4 (2.1). High-p^ leptons are also found in events in which 
hadronic jets mimic the lepton signature. Such misidentified leptons, as well as non prompt 
leptons arising from decays of heavy-flavor hadrons or decays of light mesons within jets, 
are suppressed by imposing limits on the additional hadronic activity surrounding the lepton 
candidate in an event. The scalar sum of the transverse momenta of all charged particle tracks 
and the transverse energy in the ECAL and HCAL in a cone of AR = (A</>) 2 + (A//) 2 = 0.3 
centered on the lepton candidate is calculated, excluding the contribution from the candidate 
itself. The candidate is retained if this sum is less than 4 (10)% of the electron (muon) pj. 
Electrons (muons) from decays of Z bosons are suppressed by vetoing events containing a 
second lepton with pj > 15 (10) GeV passing looser isolation criteria. 

Since the analysis measures the lepton and neutrino momenta from W boson decays, there is no 
requirement on the K r i n the event. Instead, to further reduce backgrounds from QCD multijet 
production, the selection requires Mj > 50 (30) GeV for the electron (muon) channel, where 



Mj = y/2\p T (e)\\t T \0- ~ cosA</>) and A<p is the angle between the missing transverse momen- 
tum and the lepton transverse momentum. The requirement on Mj is higher in the electron 
channel to compensate for the larger QCD multijet background. Given that the polarization 
and correlation of Lp with cos 9* increase with pj(W), while the number of available events 
decreases sharply with pr(W), we require pr(W) > 50 GeV as the result of an optimization 
study based on the expected statistical uncertainty of the {ft — /r) measurement. As high-pr 
W bosons are also produced in top quark decays, only events with up to three reconstructed 
jets are retained. The jets considered are particle-flow based [6J with pj > 30 GeV, \rj\ < 5, 
and are clustered using the anti-kj algorithm (7l with a distance parameter of 0.5. In data, 
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a total of 5485 (8626) events pass the selection requirements in the electron (muon) channel. 
These events are almost entirely W+jets events, with a small contamination from the processes 
tf +jets, Z+jets and photon+jets. All these processes, and their expectations, are produced using 
the MadGraph |8, 9| generator, with the CTEQ6L |[T0| parton distribution function set, and 
are passed through a full simulation of the CMS detector based on the GEANT4 [11J package. 
There are 252 ± 93 (266 ± 84) estimated background events from simulation in the electron 
(muon) channel, where the uncertainty corresponds to the theoretical uncertainty on the rele- 
vant cross sections. 

In the muon channel, the background from QCD multijet and heavy flavor production is ex- 
pected to be negligible. In the electron channel, the simulation predicts a higher level of multi- 
jet background, and therefore the distribution of the Lp variable for the surviving background 
events is needed. This distribution is obtained using data enriched in misidentified electrons 
by reversing some of the electron selection requirements, as in [5J. We refer to this as the "an- 
tiselected sample". As a cross-check, the procedure is also applied to simulated samples. The 
Lp distribution from the QCD multijet background after all selection cuts is found to be well 
reproduced by the antiselected electron sample. 

The polarization fraction parameters (fi — fp) and /o are measured using a binned maximum 
likelihood fit to the Lp variable, separately for W + and W~ bosons in the electron and muon 
final states. The Lp distribution for each of the three polarization states of the W boson is ex- 
tracted from Monte Carlo samples which are reweighted to the angular distributions expected 
from each polarization state in the W boson center-of-mass frame. The Lp distributions are sim- 
ulated in the presence of pile-up events matching the vertex multiplicity distribution observed 
in data, corresponding to an average of 2.8 reconstructed vertices per event. 

The Lp distributions for electrons and muons are shown in Figs. [T] and [2j respectively. Also 
shown are the results of the fit to the individual components corresponding to the three W po- 
larization states, and to the background. The background consists of an electro weak compo- 
nent and a QCD multijet component, which is negligible in the muon sample. The fit is carried 
out by keeping the electroweak background contribution fixed to the value predicted by simu- 
lation, whereas all other components, including the QCD multijet background, are allowed to 
vary. The results of the fits, along with the correlations between these extracted parameters, are 
listed for positively and negatively charged electrons and muons in Table [I] For each W boson 
charge, the results for electrons and muons are self-consistent. The correlations differ due to 
the QCD multijet component included in the fit to the electron final state. Also shown are the 
results from performing a combined fit, simultaneously to both the electron and muon data. 

Several experimental and theoretical effects are considered as sources of systematic uncertainty. 
The most significant sources, which are listed in Table |2j stem from the recoil energy scale and 
resolution l|T2~t uncertainties, which enter in the measurement of the transverse momentum of 
the W boson. The recoil energy scale is varied by its measured uncertainty [fl~3| and the effect 
is propagated through the analysis, resulting in modified Lp distributions. The measurement 
is repeated and the full difference from the nominal value is quoted as the systematic uncer- 
tainty from this source. The effect is smaller for values of Lp close to one, corresponding to 
low values of B p, and hence the uncertainty is smaller for W~ relative to W + . The same proce- 
dure is followed for the recoil resolution, electron energy, and muon momentum scale. Decays 
of Z bosons to electrons are used to derive corrections, in bins of the electron pseudorapidity 
which calibrate the electron energy scale. An uncertainty of ± 50% on these corrections is as- 
sumed, in order to cover the full range of variations. Decays of Z bosons to muons are used 
to constrain the muon momentum scale and an uncertainty of 1% at 100 GeV is found. The 
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Figure 1: Fit results using 36 pb _i of collision data for the Lp(e~) (left) and Lp(e + ) (right) 
distributions. The left-handed, right-handed and longitudinal W components, with normal- 
ization as determined by the fit, are represented by the dashed, dotted, and dash-dotted lines 
respectively. The shaded distributions show the QCD and EWK backgrounds. The solid line 
represents the sum of all individual components, and can be directly compared with the data 
distribution (circles). 
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Figure 2: Fit results using 36 pb -1 of collision data for the Lp(fi^) (left) and Lp(}i + ) (right) 
distributions. The left-handed, right-handed and longitudinal W components, with normal- 
ization as determined by the fit, are represented by the dashed, dotted, and dash-dotted lines 
respectively. The shaded distribution shows the EWK backgrounds. The solid line represents 
the sum of all individual components, and can be directly compared with the data distribution 
(circles). 
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Table 1: A summary of the individual and combined fit results for negatively charged and 
positively charged electrons and muons. Systematic uncertainties from different sources are 
combined in quadrature. 





Fit result 


e:(/L-/ R )" 


0.187 ± 0.069 (stat.) ±0.066 (syst.) 


e: /o~ 


0.130 ± 0.200 (stat.) ±0.174 (syst.) 


Correlation 


-0.204 (stat.), -0.283 (stat. + syst.) 


e:(/L-/*) + 


0.277 ± 0.060 (stat.) ±0.050 (syst.) 


e:/o + 


0.240 ± 0.190 (stat.) ±0.090 (syst.) 


Correlation 


-0.295 (stat.), 0.001 (stat. + syst.) 


F--(h-f R )- 


0.240 ± 0.036 (stat.) ±0.031 (syst.) 




0.183 ± 0.087 (stat.) ±0.123 (syst.) 


Correlation 


0.395 (stat.), -0.308 (stat. + syst.) 


F-(fL-f R ) + 


0.310 ± 0.036 (stat.) ±0.017 (syst.) 


V-fo 


0.171 ± 0.085 (stat.) ±0.099 (syst.) 


Correlation 


-0.721 (stat.), -0.269 (stat. + syst.) 


Combined: (fi — fg)~ 


0.226 ± 0.031 (stat.) ±0.050 (syst.) 


Combined: fZ 


0.162 ± 0.078 (stat.) ±0.136 (syst.) 


Correlation 


0.304 (stat.), -0.326 (stat. + syst.) 


Combined: (f L - f R )+ 


0.300 ± 0.031 (stat.) ±0.034 (syst.) 


Combined: f£ 


0.192 ± 0.075 (stat.) ±0.089 (syst.) 


Correlation 


-0.660 (stat.), -0.121 (stat. + syst.) 
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Table 2: Summary of the leading systematic uncertainties for the electron and muon final states, 
as well as for the combined measurement. The total systematic uncertainties are also shown 
for reference. 



Uncertainty 


(fl-fR)- 


fo 


(fL-f R ) + 


/o + 




Electron channel 


Recoil energy scale 


±0.042 


±0.150 


±0.027 


±0.078 


Recoil resolution 


±0.046 


±0.047 


±0.037 


±0.039 


Electron scale 


±0.017 


±0.014 


±0.019 


±0.016 


Total uncertainty 


±0.066 


±0.174 


±0.050 


±0.090 




Muon channel 


Recoil energy scale 


±0.029 


±0.123 


±0.011 


±0.092 


Recoil resolution 


±0.012 


±0.006 


±0.012 


±0.004 


Muon scale 


±0.002 


±0.007 


±0.004 


±0.008 


Total uncertainty 


±0.031 


±0.123 


±0.017 


±0.099 




Combined measurement 


Recoil energy scale 


±0.033 


±0.133 


±0.016 


±0.087 


Recoil resolution 


±0.035 


±0.023 


±0.027 


±0.015 


Electron scale 


±0.013 


±0.011 


±0.012 


±0.008 


Muon scale 


±0.002 


±0.004 


±0.004 


±0.004 


Total uncertainty 


±0.050 


±0.136 


±0.034 


±0.089 



fit range of the lepton projection variable is restricted to 0.0 < Lp < 1.3, as a result of the 
minimization of the combined statistical and systematic uncertainties of the measurement. 

The uncertainty on the modeling of the QCD background in the electron channel is estimated 
using the sample of antiselected electrons which yields the shape of the Lp distribution for this 
background. The fit is repeated multiple times, whilst varying the Lp distribution of the anti- 
selected sample within its statistical uncertainties. The variation in the fit results is then used 
as an estimate of the systematic uncertainty, which is found to be negligible when compared to 
the leading systematic uncertainties. 

A mismeasurement of the lepton charge dilutes the measurement of the W boson polarization. 
The misidentification rate is studied as a function of pseudorapidity using Z bosons decaying 
into a pair of oppositely charged leptons. This effect is found to be negligible for both electron 
and muon channels. 

The systematic uncertainty arising from matching the vertex multiplicity distribution in the 
simulation to that observed in the data is estimated by varying the former within the statistical 
uncertainty of the latter, and is found to be negligible. 

The effect of the theoretical uncertainties on the normalization of the electroweak background 
distributions, corresponding to 25% for the Z boson and 50% for the top quark, is included in 
the fit and found to contribute a negligible systematic uncertainty to the W boson polarization 
measurement. The lepton projection variable also depends weakly on the values of the polar- 
ization parameters A\, A 2 and A3, which are not measured. In order to evaluate the magnitude 
of the effect, these coefficients are varied by ± 10% with respect to recent standard model calcu- 
lations at leading-order QCD [14J. These variations produce a negligible change in the W boson 
polarization measurement. A similar result is obtained for the shape of the Lp distributions by 
varying the parton distribution functions using the CTEQ6.6 PDF error set. 
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Figure 3: The muon fit result (black dot) in the ((fi — /r),/o) plane for negatively charged (left) 
and positively charged (right) leptons. The 68% confidence level contours for the statistical and 
total uncertainties are shown by the green shaded region and the black contour respectively. 
The disallowed region is hatched. 

The muon fit result, having the smallest total uncertainty is shown in the ((/l — /r),/o) plane 
for each W charge in Fig. [3j The 68% confidence level contours for both the statistical and total 
uncertainties are also shown. With the current sensitivity the values of (fi — /r) and fo do not 
differ significantly for W + and W~ . When compared to recent standard model calculations [Tl4| , 
the results agree well. 

In conclusion, the first measurement of the polarization of W bosons with large transverse mo- 
menta at a pp collider has been presented. Using a sample of collision data corresponding 
to an integrated luminosity of 36 pb _1 , the measurement is performed for both charges of the 
W boson, in the electron and muon final states. The results from both of these channels are con- 
sistent, as are the combined fit results. The muon fit result yields the most precise measurement, 
(/i -/r)~ = °- 240 ± 0.036 (stat.) ± 0.031 (syst.) and/ ~ = 0.183 ± 0.087 (stat.) ± 0.123 (syst.) 
for negatively charged W bosons, and (f L - f R ) + = 0.310 ± 0.036 (stat.) ± 0.017 (syst.) and 
/o = 0.171 ± 0.085 (stat.) ± 0.099 (syst.) for positively charged W bosons. This measure- 
ment establishes a difference between the left-handed and right-handed polarization param- 
eters with a significance of 7.8 standard deviations for W + bosons and 5.1 standard deviations 
for W~ bosons. This is the first observation that high-pj- W bosons produced in pp collisions 
are predominantly left-handed, as expected in the standard model. 
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